Aspergillus flavus detection and the removal of contaminated pistachio are critically important. In this work, an impedimetric electrochemical DNA sensor using gold nanoparticles on the glassy carbon electrode was developed for the sensitive detection of the aflD gene of A. flavus. This biosensor had a linear range of the detection, which was from 1 nM to 10 µM with the detection limit of 0.55 nM, while the best time for hybridization was 4 hr. Results for the detection and reproducibility of the synthetic 21-nucleotide target and the target 76-nucleotide polymerase chain reaction product were the same due to the sensitivity of measurement. In addition, this biosensor can be used to enumerate A. flavus up to 2.5 × 10 8 spores/mL.
Introduction
The mycotoxigenic molds like Aspergillus are the major food safety concerns and have a very important role in the food spoilage and the reduction of the food quality offered in the market. [1, 2] Aspergillus flavus is associated with some diseases, in addition, it is one of the main aflatoxin producers. [3] aflD is one of the structural genes of aflatoxin gene cluster in A. flavus and other Aspergillus spp. The existence of aflD could be associated with aflatoxin production [4] and indicates that this gene has potential to be as a marker. [5] Development of the food productions increases the risk of the food contamination with the microbial or chemical agents. On the other hand, it forces the food industries and related organizations to use the fast, cheap, and accurate methods of analysis for the safety and health of consumers and it also supports the global trade procedures by identifying and confining the trade in the contaminated products. [6] Although several methods have been developed to detect this microorganism, an effective strategy for presenting this toxigenic fungus has not been shown yet. [1] DNA biosensors have extremely potential functions, especially for the food analyses as an emerging and developed application. [6, 7] In comparison to other methods, the electrochemical sensors due to their sensitivity, simplicity, repeatability, portability, and compatibility with the microfabrication technologies are the widely accepted detection platforms for DNA analyses. [7] [8] [9] Electrochemical Impedance Spectroscopy (EIS) is a label-free DNA detection technique, which does not need biomolecules changes with the labels, such as fluorophore, magnetic beads or an enzyme. [10] There are many articles on the application of the EIS based on DNA probes immobilization, which recognizes the complementary ssDNA target via the hybridization. These techniques measure the impedance amount of the electrode surface over a range of frequencies. [11] [12] [13] [14] As it has been said about this technique, with the impedance data a complete description of an electrochemical system is possible. [15] Gold nanoparticles (AuNPs) are used in the structure of the EIS sensors. [16] The EIS is affected by the changes in the interfacial electron transfer and AuNPs can intercede this electron transfer across the self-made monolayer on the surface of the electrode. [8] On the other area, AuNPs could enhance the electrode surface area, and increase the amount of immobilization and availability of DNA probe. [17, 18] Due to the strong correlation between sulfur and gold atoms, the SH-Au linkages are used for covalent coupling of biomolecules on the surface of the AuNPs. [7, 19] This article has focused on the detection of aflD gene by EIS. As shown in Scheme 1, the glassy carbon electrode (GCE) was coated with AuNP that was nominated (AuNP-GCE). A specific ssDNA probe of aflD gene was immobilized by forming a thiol via SH 2 moiety at the 5ʹ-terminus of the DNA probe on the AuNP-GCE. In the absence of the DNA target, the flexible ssDNA probe supports efficient contacts between the [Fe(CN) 6 ] 3−/4− reducer and AuNP-GCE, there was a low electron transfer resistance (R et ) of the electrochemical DNA sensor. After the hybridization, a rigid probe-target duplex was formed which contact between the [Fe(CN) 6 ] 3−/4− reducer and AuNP-GCE was prevented. This led to an increasing in the R et of the electrochemical DNA sensor. The fabrication and performance of the DNA sensor and its application in the analysis of the real samples are discussed in this study. A standard A. flavus and also a sample of the infected pistachio with A. flavus were examined for analyzing of the real samples. In the current research, a DNA biosensor was developed for sensitive detection of aflatoxin producing gene of A. flavus in pistachio and its efficacy was evaluated.
Materials and methods

Fungal strain and media
The strain A. flavus PTCC 5004 (IR 111) [20] was obtained from Iranian Research Organization for Science and Technology (IROST, Iran). This strain has aflatoxin biosynthesis gene and produces 270 µg/kg aflatoxin B1 in pistachio nuts. Potato Dextrose Agar (PDA) (Merck) was used for the cultivation and sporulation of this strain at 25°C in the dark. When the cultures were entirely sporulated (After 10 days of incubation), the spores were harvested by adding 10 mL of sterile pure water containing 0.1% (v/v) tween 80 (Merck) and gently rubbing the culture with a sterile bent glass rod (3 times). The suspension was collected and centrifuged at 3000 rpm/min for 5 min at the room temperature. This action was repeated several times until 2 mL of very concentrated spore solution Scheme 1. The glassy carbon electrode was coated with AuNPs (AuNP-GCE). A specific ssDNA probe of aflD gene was immobilized on AuNP-GCE. In the absence of the target DNA, the flexible ssDNA probe supports efficient contact between the [Fe(CN) 6 ] 3−/4− reducer and AuNP-GCE, there is a low electron transfer resistance (R et ) of the electrochemical DNA sensor. After the hybridization, a rigid probe-target duplex is formed which contact between the [Fe(CN) 6 ] 3−/4− reducer and AuNP-GCE was prevented. This leads to an increasing in the Ret of the electrochemical DNA sensor.
residues were obtained. The Thoma hemocytometer slide was used to enumerate the spore numbers. These spores were kept frozen in 50% glycerol at-20°C. [3, 21, 22] Pistachio contamination Fifty grams of pistachio flour (Pistacia vera) were transferred into tow flasks, and mixed with 20 ml of H 2 O and sterilized at 121°C for 15 min. The first flask of pistachio flour was inoculated with 1 × 10 7 spores/mL of A. flavus PTCC 5004 and the second flask was used as the non-inoculated control. The flasks were incubated at 25°C in the dark. DNA extraction and polymerase chain reaction (PCR) amplification were carried out after 7 days. [21] Total DNA extraction and PCR amplification DNA was isolated from A. flavus PTCC 5004 and contaminated pistachio by using a DNA extraction kit (MBK0011, IBRC, Iran). PCR amplification of the 76-mer antisense strands of the aflD gene was carried out with a 20-mer forward primer and a 20-mer reverse primer ( Table 1 ). The primers were designed internally for the PCR amplicon fragment, and its specificity was preliminarily assessed by following the BLAST database (http://www.ncbi.nlm.nih.gov/BLAST/) and their secondary structures were examined with Gene Runner (version 3.05, Hastings Soft-ware, USA). The reaction solution (50 µL) contained dNTPs (0.2 mM each), PCR Buffer 1X-MgCl 2 2 mM, DNA template (20 ng), forward and reverse primer (0.4 uM for each one), and Taq DNA polymerase (1U; TaKaRa Hot Start Version). PCR conditions: 95°C for 4 min, followed by 35 cycles of 95°C for 10 s, 58°C for 20 s, and 72°C for 10 s, and then 72°C for 5 min for final extension. 76-mer PCR product: 5ꞌ-GGGGCACTTCGTTATCCACACGGATGGATCTCAACTCCCCTGGTAGGACGCTAGTAACGA-CGAAGCGCAGTCATAT-3ꞌ. After PCR amplification, the PCR product was purified by using the purification kit (MBK0071, IBRC, Iran). To detect PCR product, the electrophoresis by using gel agarose 2% was performed at 160 V for 1 h.
Synthesis of AuNPs on glassy carbon electrode
The surface of the GCE was polished by 0.5 µm alumina slush and cleaned by double-distilled water. The electrode was electrochemically cleansed in 1 M H 2 SO4 trough potential scanning range −0.2 V and 1.6 V up to a repeatable cyclic voltammogram was acquired. The gold nanoparticles (AuNPs) were generated on the surface of the electrode by the electrodeposition process via the potential cyclic scanning of the working electrode among −0.20 and +1.6 V at a scan rate of 50 mV/s for 10 cycles. A 0.1 M NaNO 3 aqua solution consisting 0.25 mM HAuCl 4 · 3H 2 O and 0.01 M H 2 SO4 was utilized for the gold particles electrodeposition on the electrode surface. These characteristics were optimized in the previous investigation. [7] The AuNP-GCE surface characterization was obtained via the scanning electron microscopy (SEM) by a KYKY-EM-3200 microscope with an accelerating voltage of 26 KV. [19, 23, 24] DNA probe immobilization and hybridization DNA probe that has used in this study had 21 nucleotide sequences and it was used by Scherm and colleagues (2005) as the reverse primer in the technique of RT-PCR to detect aflD gene Table 1 . DNA probe, target, and primers.
Name
Sequence (5ꞌ→3ꞌ) Probe DNA CTACCAGGGGAGTTGAGATCC Target DNA GGATCTCAACTCCCCTGGTAG Primer F GGGGCACTTCGTTATCCACA Primer R ATAT GACT GCGC TTCG TCGT transcripts. [6] The oligonucleotide sequences for the probe, the target, and the primers are shown in Table 1 . The single-stranded probe DNA was terminated with a thiol group. All solutions of DNA were stocked with 0.1 M phosphate buffer solution (PBS buffer) pH 7.4. The oligonucleotide stock solutions (100.0 μM) were prepared in 0.1 M PBS buffer, pH 7.4 and maintained in frozen at −20°C.
The effective parameters such as the incubation time of DNA probe, the concentration of DNA probe, and the hybridization time were optimized in order to obtain the best condition for the experiments. Previously in similar studies, the incubation time of mercaptohexanol (MCH) had been optimized. [7, 25] DNA probe was manufactured by adding 8 µl of probe solution (10 µM) to the surface of the AuNP-GCE and the electrode left for 2 h before addition of blocking agent. The SH 2 residue at the probe linked with the AuNPs, and consequently, the probe connected covalently on the AuNP-GCE surface. [8] Then 8 µL of 6-MCH solution (6-mercaptohexanol and HAuCl 4 .3H 2 O were bought from Sigma-Aldrich Co. and double distilled water was used for all dilution) was added on the AuNP-GCE for 1 h as a blocking agent. MCH washed unsuitable adsorbed DNA from the electrode surface and cleaned nonspecific situations on the DNA monolayer. [7] Two types of the target DNA were used for the hybridization: the first one was a synthetic complementary 21 nucleotides DNA and the other one was the PCR products of 76 nucleotides DNA and in the control experiment, a random 76-mer sequence was used. The four samples of the PCR products included A. flavus (af), the contaminated pistachio with A. flavus (bf), and the noncontaminated pistachio as a control (cf) were used.
8 µl of the target DNA solution was added to the electrode surface in a sealed humidity chamber for the hybridization and kept at the room temperature for 4 h, then the sensor was washed with PBS buffer to remove the unhybridized DNA. Before the hybridization, the target DNA solution was heated at 95°C for 5 min and was transferred immediately into the ice and was held there for 5 min. This process was necessary for maintaining the right structural of the target DNA. The sensitivity of this DNA biosensor was examined by using the different concentrations of target DNA. [8, 25] Electrochemical impedance measurements EIS was performed by using an Autolab potentiostat/galvanostat (PGSTAT 302 N, Eco Chemie, the Netherlands). The experimental conditions were controlled with Frequency Response Analyzer (FRA) and General Purpose Electrochemical System (GPES) software. All the tests were done with the three electrode systems: an Ag/AgCl/saturated KCl as a reference electrode, a platinum foil as a counter electrode, and a 3.0-mm-diameter GCE (Azar electrode, Urmia, Iran) as the working electrode. Every potentials, in this case, were presented in the qualification of the Ag/AgCl/saturated KCl electrode potentials. The measurements of the faradic impedance were displayed in the existence of 10 mM [Fe(CN) 6 5 Hz at a constant potential EIS of 150 mV with an alternating voltage of 10 mV. [7, 25] 
Results
Fungal growth
The strain was grown on PDA and the spores were harvested in sterile water as well. Although the spore germination was related to the water activity and temperature, the fungi strain that was obtained for this research produced 10 8 spores/mL in optimum condition (at 25°C in the dark during 3 days incubation), and each spore was contained approximately 0.036 picogram DNA. [26] The aflatoxin biosynthesis gene was detected in this strain which was approved by the specific S122 S. SEDIGHI-KHAVIDAK ET AL.
primers and the PCR product. The PCR reaction of the alfD gene is shown in Fig. 1 . The af, bf, and cf bands are related to the PCR products of A. flavus, contaminated pistachio with A. flavus, and the control experiment without any gene amplification, respectively.
Characteristics of AuNP-GCE
AuNPs electrodeposited on the GCE by the cyclic voltammetry and AuNP-GCE were formed as well. Figure 2 shows the AuNP-GCE electrochemical response scanning between-0.2 and +1.6 V for 10 electrodeposition scans. The anodic peaks at 1.09 and 1.26 V were related to Au oxidation. On the returned scan, the lowest point was related to the next reduction of the oxides previously constructed. Overall, this represented the deposition of AuNPs on the electrode surface. [23, 24] The SEM image of the surface of the AuNP-GCE is shown in Fig. 3 . AuNPs with an average diameter of approximately 35 nm were obtained.
Immobilization of DNA probe and detection of hybridization by impedance measurements
It is well known that EIS is an effective tool for studying the interface properties of the surfacemodified electrodes. Some parameters such as the surface electron transfer resistance (R et ) and the Warburg element (Zw) have a direct impact on EIS. The complex impedance Z(w) can be represented as the sum of the real Z′(w) and the imaginary Z″(w) components. Obviously, the R et controls the kinetics of the electron transfer of the reducer on the electrode surface in the EIS. Therefore, this analytical method is very sensitive to the changes on the electrode surface and it is an appropriate application tool for using in the DNA detection. For studying the way of the DNA immobilization, the hybridization, and the amplified analysis, it was just investigated the correspondence among the concentration of DNA and R et . [27, 28] In this study, the EIS spectrum was used to define the characteristics of the electrode surface. Figure 4 shows the EIS of the different modified electrode. In this figure, the EIS spectrum of the bare electrode, AuNP-GCE, ssDNA-AuNP-GCE, and dsDNA-AuNP-GCE is also shown. The results showed that when AuNPs electrodeposited on the GCE, the impedance responses were decreased, and when the probe and consequently the DNA target were connected on the AuNP-GCE, the impedance responses were increased. The DNA target hybridization enhanced the R et from 43 KΩ to 98 KΩ. The increased signal observed by the electrochemical DNA sensor revealed that the DNA target attached to the DNA probe and duplex was formed.
When the thiolated probe of aflD gene was combined covalently on the AuNP-GCE, the electron transfer resistance was increased. This showed that the ssDNA probe had been immobilized onto the AuNP-GCE. The larger amount of the R et illustrated that the DNA probes can prevent the reducer, [Fe(CN) 6 ] 3−/4− , from achieving the electrode surface. It was related to the additional charge among the reducer, [Fe(CN) 6 ] 3−/4− , and the negatively charged phosphate backbone of the DNA probe. One of its consequences was that the ability for electron transfer was reduced at the electrode surface. [25] While complementary aflD target was added into the setup, the DNA hybridization was happened and a duplex was formed among the ssDNA target and the ssDNA probe on the AuNP-GCE which the charge density on the surface of the electrode was increased much more and the contact between the [Fe(CN) 6 ] 3−/4− reducer and AuNP-GCE was prevented. This was led to a change in the R et amount and, consequently, was impeded the electron transfer. [7, 18] Optimization of useful parameter on electrochemical measurement
The probe concentration, the target concentration, the probe immobilization, and the target hybridization time were investigated in different conditions to obtain the best results for the sensor detection. The DNA probe incubation time was experimentally examined. Figure 5 shows the results of the DNA probe incubation time's optimization. The results showed that the best incubation time was 2 h. The biosensor responses were enhanced by increasing incubation time from 1 to 2 h. After 3 h, the biosensor responses were risen by lightly (0.21 KΩ) which was dispensable. As a result, 2 h was used as the best incubation time in the next analyses.
In addition, the DNA probe concentration has a significant effect on the sensitivity of the DNA sensor. Therefore, the various concentrations of the DNA probe solution (0.1, 1, 10, and 10 2 μM) were used to optimize the concentration of the probe. There was no significant result for the concentration of the DNA probe over 10.0 μM, probably relating to the active site saturation for immobilizing the DNA probe. Thus, a probe solution of 10 μM and the incubation time of 2 h were chosen for next analyses. In the above experiments, the EIS measurements were carried out to improve conditions. Furthermore, the effect of the hybridization time on the sensitivity of the biosensor was also examined in order to optimize the hybridization process. Figure 6 shows that the impedance responses to the hybridization were increased by 4 h. After 6 h, the biosensor responses were decreased. Therefore, 4 h was selected as the best time of the hybridization for next analyses. In the above experiments, the EIS measurements were carried out to optimize conditions. [25] To investigate the sensitivity of this DNA electrochemical sensor during the DNA target hybridization on the AuNP-GCE, the behavior related to the concentration of the impedance signal was examined. As shown in Fig. 7 , the current peaks were risen by increasing the DNA target concentration, indicating that when the DNA duplex concentration was soared on the electrode the electron transfer was decreased and subsequently the impedance responses were increased. The impedance responses due to the target concentration ranged linearly from 1 nM to 10 µM. The detection limit was 0.55 nM and the correlation coefficient was 0.982. The reproducibility of this biosensor was 3.0% by measuring a 0.05 µM concentration (n = 5) of the DNA target. Furthermore, this biosensor can be used to enumerate A. flavus up to 2.5 × 10 8 spores/mL. 
EIS measurement of the PCR product from Aspergillus flavus and contaminated pistachio
The efficiency of this biosensor for detection of A. flavus gene was examined. The electrochemical DNA sensor was used to reveal the PCR products of the 76-mer antisense strands of the aflD gene. The results are shown in Fig. 8 and the DNA sensor R et background was exhibited in the probe curve. By hybridizing of the PCR products of the aflD gene, the impedance signal was increased noticeably (af and bf curves). The af and bf curves were related to the PCR products of A. flavus and the contaminated pistachio with A. flavus, respectively. The PCR product was obtained from the control experiment without any genes and a random sequence of 76-mer as a control is shown in cf and R curves, respectively. This spectrum has revealed that the remarkable increasing of R et was due to the hybridization of the immobilized probes to the PCR products of A. flavus (af curve) and contaminated pistachio (bf curve). In addition, the concentration of the PCR product can be measured by a comparison between the EIS chart of sensitivity (Fig. 7) and the EIS chart of the PCR products (Fig. 8 ). In conclusion, the DNA concentration of (af) was 0.05 µM and (bf) was 0.1 µM.
Discussion
The pistachio contamination with Aspergillus species has a risk to consumer's safety and also it can cause the irreparable economic damages. [29] Therefore, the DNA electrochemical sensor was developed for enumerating and detecting the presence of this type of infection in the pistachio. The results confirmed that this DNA biosensor can be used to detect the PCR products with the same sensitivity as a synthetic oligonucleotide. The hybridization of the DNA target (aflD) to the immobilized DNA probe led to increasing of the R et of the DNA sensor, whereas the non-complementary sequences did not influence on the measured impedance. Another important property of this DNA biosensor was that we can measure the concentration of DNA in a PCR product.
There are several methods for detection and measurement of aflatoxin, like TLC and HPLC, [30] and recently a rapid and cost-effective, direct injection electrospray ionization mass spectrometric (ESI-MS) technique was used to develop the aflatoxin assay. [31] However, in our work, a sensitive DNA probe-based biosensor was developed to analyze the aflatoxin producers and PCR products.
Since physiological factors and mutated genes aflC or aflR affect aflatoxin biosynthesis in A. flavus, [31] the aflD gene will not detect gene expression even though this system can be developed by using quantum-dot (QD) electrochemical, [32] restriction endonuclease-based electrochemical biosensor technology, [33] and a polymerization-induced enzymatic amplification-based electrochemical biosensor [34] for the screening of point mutation in the gene. Therefore, this technique is more useful for enumeration of A. flavus rather than the toxicity detection. The standard in the pistachio fungi count is now 10 3 CFU/g. [35] In the future, this standard should have development to a number of toxin producers.
So far, there is little information about DNA sensor of aflatoxin; however, a DNA-based gold tag piezoelectric biosensor for alfD gene detection was developed by Tombelli et al. [21] with a detection limit of 0.04 µM. While in our work, the AuNP tag impedimetric electrochemical DNA biosensor was developed with a detection limit of 0.55 nM.
The DNA electrochemical biosensors can detect very small pieces of DNA with high sensitivity and good selectivity, regardless of a leading expert and the high cost, while the procedure is rapid, repeatable, and in addition, no external marker-containing indicator is required. In this biosensor, the significant changes were observed in the electrochemical parameters when AuNP, probe, and DNA target were connected to the electrode surface. Furthermore, the production of the AuNPs on the electrode surface is easy [19] and the AuNP-modified surface had an extensive area and enhanced R et . These advantages may be appropriate for the manufacture of more effective electrochemical biosensors. [28] This system has some limitations too, like detection of gene expression or diagnostic between alive and death cells; however, detection of mRNA as a target in the future can solve this problem on electrochemical DNA sensor. One of the limitations of this sensor was that the concentrations above 10 µM did not detect by this sensor and 10 µM was its saturation point. Of course, this biosensor has the potential for developing for identifying gene expression, point mutation, and other gene disorder. 
Conclusion
Identification and the removal of the contaminated nuts during pistachio processing are probably the best way to reduce mold and mycotoxin contamination. Although electrochemical sensors with the microfabrication technologies are sensitive, simple, and widely used for detection of DNA, this assay must be developed for gene expression and enumeration as well. In this work, a system was developed for enumeration of toxin producer fungi and these data could be useful for the enumeration of the different fungi in the food contamination by using the standard probe detectors.
